Purpose It has been hypothesized that vitamin D mediates the inverse relationship between sun exposure and non-Hodgkin lymphoma (NHL) risk reported in several recent studies. We evaluated the association of self-reported sun exposure at ages \13, 13-21, 22-40, and 41? years and 19 single nucleotide polymorphisms (SNPs) from 4 candidate genes relevant to vitamin D metabolism (RXR, VDR, CYP24A1, CYP27B1) with NHL risk. Methods This analysis included 1,009 newly diagnosed NHL cases and 1,233 frequency-matched controls from an ongoing clinic-based study. Odds ratios (OR), 95 % confidence intervals (CI), and tests for trend were estimated using unconditional logistic regression. Results There was a significant decrease in NHL risk with increased sun exposure at ages 13-21 years (OR C15 vs. B3 h/week = 0.68; 95 % CI, 0.43-1.08; p trend = 0.0025), which attenuated for older ages at exposure. We observed significant main effect associations for 3 SNPs in VDR and 1 SNP in CYP24A1: rs886441 (OR per-allele = 0.82; 95 % CI, 0.70-0.96; p = 0.016), rs3819545 (OR per-allele = 1.24; 95 % CI, 1.10-1.40; p = 0.00043), and rs2239186 (OR per-allele = 1.22; 95 % CI, 1.05-1.41; p = 0.0095) for VDR and rs2762939 (OR per-allele = 0.85; 95 % CI, 0.75-0.98; p = 0.023) for CYP24A1. Moreover, the effect of sun exposure at age 13-21 years on overall NHL risk appears to be modified by germline variation in VDR (rs4516035; p interaction = 0.0066). Exploratory analysis indicated potential heterogeneity of these associations by NHL subtype. Conclusion These results suggest that germline genetic variation in VDR, and therefore the vitamin D pathway, may mediate an association between early life sun exposure and NHL risk.
Introduction
The lifetime risk of developing non-Hodgkin lymphoma (NHL), the 6th most common cancer in the United States, is 1 in 44 for men and 1 in 52 for women [1] . Relatively few NHL risk factors have been established to date, and the etiology of a majority of NHL cases remains largely unexplained [2] . The remarkable rise in NHL incidence over the last 40 years suggests a major role for environmental factors in the etiology of this cancer. There is accumulating evidence from most [3] [4] [5] [6] [7] [8] but not all [9] [10] [11] [12] studies that increased sun exposure is associated with a decreased risk of NHL, and this was supported by a pooled analysis recently conducted by the InterLymph consortium [13] .
While the underlying mechanism for an inverse association of sun exposure and NHL risk has not been established, a role for vitamin D has been hypothesized as the sun provides nearly 90 % of the vitamin D for most people [14] . There is currently limited or no support for an association between circulating vitamin D levels and NHL risk [15, 16] ; however, such levels may be insufficient to capture early life or long-term vitamin D status. Genetic variation in the vitamin D metabolic pathway has been associated with cancer risk [17] , and there is some preliminary evidence that VDR polymorphisms may be associated with NHL risk, at least in some subtypes [18] [19] [20] .
Vitamin D obtained from sun exposure and dietary sources is first metabolized in the liver to 25-hydroxyvitamin D (25(OH)D) via the actions of a number of cytochrome p450 enzymes. It is then further hydroxylated via 1-a-hydroxylase (CYP27B1) to its active form, 1,25-dihydroxyvitamin D (1,25(OH) 2 D). The effects of 1,25(OH) 2 D are mediated through the vitamin D receptor (VDR), a nuclear hormone receptor which first heterodimerizes (usually with the retinoid X nuclear hormone receptor; RXR), and then directly binds DNA to modulate expression of hundreds of downstream gene targets [21] . Ligand-activated VDR upregulates expression of the CYP24 (CYP24A1) enzyme which catalyzes degradation of 1,25(OH 2 )D in a negative feedback loop [22] . While vitamin D is primarily known for its critical role in calcium homeostasis [23] , there are broader biologic functions given that most cell types express both 1-a-hydroxylase and VDR [22, 24, 25] . Autocrine and paracrine effects of vitamin D activation and VDR binding include regulation of cell proliferation and induction of apoptosis and differentiation [22] , functions biologically relevant to both cancer prevention and tumor progression.
Using a clinic-based case-control study, we evaluated whether sun exposure over the life course, germline genetic variation in vitamin D pathway genes, and the interaction of these factors provide insight into whether vitamin D is a potential underlying mechanism for the observed association between sun exposure and NHL risk.
Materials and methods

Study population
This study was reviewed and approved by the Human Subjects Institutional Review Board at the Mayo Clinic, and all participants provided written informed consent. Full details of this ongoing, clinic-based case-control study conducted at the Mayo Clinic in Rochester, Minnesota, have been previously reported [26, 27] . Briefly, patients included in this analysis were recruited from September 1, 2002 through February 29, 2008 , within 9 months of their first lymphoma diagnosis; age 20 years or older at diagnosis; and residents of Minnesota, Iowa or Wisconsin at the time of diagnosis.
All cases were reviewed and histologically confirmed by a hematopathologist and classified according to the WHO criteria [28] . Of the 1,798 eligible cases, 1,236 (69 %) participated, 183 (10 %) refused, 39 (2 %) were lost to follow-up (i.e., we were unable to contact after multiple attempts), and 340 (19 %) did not complete all data collection within 12 months of diagnosis. Clinic-based controls were randomly selected from a dynamic population of patients seen for a prescheduled routine medical examination in the general medicine divisions of the Department of Medicine. Inclusion criteria included age 20 years or older at selection; resident of Minnesota, Iowa or Wisconsin; and no history of lymphoma, leukemia, or HIV infection. Controls were frequency-matched to cases by 5-year age group, gender, and geographic region. Of the 1,899 eligible subjects identified, 1,315 (69 %) participated, 548 (29 %) refused, and 36 (2 %) did not complete data collection within 12 months of selection. All participating subjects were asked to complete a self-administered risk-factor questionnaire and to provide a peripheral blood sample for genetic studies. For this specific analysis of sun exposure and genetic variation, we only included subjects who were successfully genotyped and reported their race as Caucasian.
Sun exposure assessment
Participants self-reported their sun exposure history during the following age periods: birth-12, 13-21, 22-40, and 41 years or older. Participants were asked how much midday (10 a.m. to 2 p.m.) sun exposure, on average, they had during each of these age periods, and responses were captured in the following categories: practically none (3 h or less than a week), little (4-7 h per week), moderate (8-14 h per week), or extensive (15 or more hours per week). For the same time periods, participants also reported how frequently they wore sunscreen or protective clothing when in the bright sun for more than 15 min. Response choices were never, rarely (less than 20 % of the time), most times (20-80 % of the time), or usually (more than 80 % of the time). Sun exposure and sunscreen questions were not season-specific, and thus, patients were reporting an annual average of exposure to each. The questionnaire also collected data to derive the following variables, which were evaluated for potential confounding of the main effect association between sun exposure and NHL risk: education; family history of lymphoma and other cancers; body mass index (2 years prior to diagnosis and at age 18); smoking history; alcohol consumption; physical activity level 2 years prior to enrollment (quartiles of MET-minutes/week); and participation in strenuous activity at age 18 (yes/no).
Gene and SNP selection
Candidate SNPs from VDR (n = 5), CYP24A1 (n = 4), CYP27B1 (n = 4), and RXRA (n = 2), RXRB (n = 2) were selected for genotyping based on prior report of potential relevance to cancer risk in the literature [17-19, 29, 30] . Several additional tagging SNPs for VDR were also available from a prior genotyping project [26] . VDR-tagging SNPs were selected from 5 kb upstream and downstream of each gene with Caucasian minor allele frequency (MAF) C0.05 and pairwise r 2 threshold of 0.8.
Genotyping
DNA was extracted from blood samples using a standard procedure (Gentra Inc., Minneapolis, MN). Genotyping was conducted as part of a larger study using a custom Illumina GoldenGate [31] 
Statistical analysis
The association between sun exposure and NHL risk was evaluated separately within each age period. Odds ratios (OR), 95 % confidence intervals (CI), and tests for trend were estimated using unconditional logistic regression adjusted for age and gender; the other design variable of geographic region was not associated with risk and therefore was not included in the basic models. OR estimates and 95 % CI were first estimated separately for each level of sun exposure, with the lowest exposure level (\3 h per week) as the reference. Additionally, tests for trend were performed assuming an ordinal relationship between the categorical levels of sun exposure as captured on the questionnaire. Cases and controls were compared with regard to distribution of demographic, clinical, and other variables for evaluation as potential confounding factors (t tests for continuous variables, v 2 for categorical variables), including geographic residence (based on distance from Rochester, MN, and urban/rural status); history of NHL, skin cancer, or other cancers (yes/no); smoking history (never, former, current); alcohol consumption (never, former, current); BMI 2 years prior to enrollment (WHO categories) and at age 18 (genderspecific quartiles); and education (\high school, high school graduate, some college, college, graduate/professional school). Variables for which we had an a priori concern for confounding due to a link to reported sun exposure and vitamin D production as a result of sun exposure were assessed individually in the age period-specific logistic regression models, including sunscreen use (never; rarely/ less than 20 %; most times/20-80 %; and usually/more than 80 %); physical activity level 2 years prior to enrollment (quartiles of MET-minutes/week) and regular strenuous physical activity at age 18 (yes/no); and season of consent (Fall/September-November, Winter/December-February, Spring/March-May, Summer/June-August). In addition, factors differentially distributed (p \ 0.05) between the cases and controls were also assessed individually in the age period-specific logistic regression models, as appropriate. For all factors considered, only those factors that changed the OR estimate for the sun exposure variable by greater than 10 % were retained in the final model.
We also evaluated the association between age periodspecific sun exposure and SNPs of interest with NHL risk by major NHL subtype (DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; and CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma). To generate the estimated association between each SNP of interest and NHL subtype, we used polytomous logistic regression to simultaneously calculate ORs and 95 % CIs for each of these three most common NHL subtypes relative to controls [32] .
Allele frequencies from cases and controls were estimated using observed genotype frequencies. The frequencies in the controls were compared to genotype frequencies expected under Hardy-Weinberg equilibrium (HWE) using a Pearson goodness-of-fit test or Fisher's exact test (MAF \ 0.05). In this analysis, 4 of the 19 evaluated SNPs had a HWE p \ 0.05 (rs886441, rs1536475, rs7975232, and rs2744537); since no genotype-calling errors were identified and cluster plots appeared reasonable, these SNPs were not excluded from analysis. We previously found no evidence of population stratification in our data [26] .
Individual SNPs were examined using unconditional logistic regression to estimate odds ratios (ORs) and corresponding 95 % confidence intervals (CIs) separately for heterozygotes and minor allele homozygotes, using homozygotes for the major allele as the reference. ORs and corresponding 95 % CIs were also estimated per copy of minor allele for each SNP, and a p trend was calculated assuming an ordinal (log-additive) genotypic relationship. All SNP association logistic regression models were adjusted for age, gender, and family history of lymphoma.
In exploratory analyses, we assessed the interaction of the main effects of sun exposure and SNPs; the criteria for inclusion in this analysis was p trend \ 0.15 for both sun exposure and SNP genotype in univariate main effects analysis and was based on a desire to include previously published associations [19] in the interaction model that were marginally significant in our dataset while keeping the number of interaction tests to a reasonable number. Interaction p values for each sun/SNP combination were calculated based upon a likelihood ratio test comparing logistic regression models with and without an interaction term. SNP genotypes were collapsed to a minor allele carrier framework, and an ordinal (log-additive) sun exposure relationship was assumed; subjects who were in the lowest category of sun exposure and homozygous major allele for genotype were the reference group. All interaction models were adjusted for age, sex, and family history of NHL.
To assess the robustness of our results in the setting of multiple hypothesis testing, we include an interpretation of our results in the context of an adjusted significance threshold. We used the Bonferroni method of adjustment by dividing the standard p \ 0.05 threshold for significance by the number of hypotheses tested (29 total; 4 main effect sun exposure tests, 19 main effect SNP tests, 6 tests of interaction). For this analysis, our Bonferroni-adjusted threshold for statistical significance in the context of multiple hypothesis tests was p \ 0.002. Analyses were implemented using SAS (SAS Institute, Cary, NC, Version 8, 1999), Plink (http://pngu.mgh.harvard.edu/purcell/plink/), and R software systems. All p values were 2-sided.
Results
Participant characteristics
There were 1,009 cases and 1,233 controls from the Mayo case-control study, which were eligible for inclusion in this analysis; their demographic and clinical characteristics are summarized in Table 1 . The median age was 63 years for cases and for controls, and there was a greater proportion of male participants in both groups (60 and 55 %, respectively). More than 50 % of the controls were enrolled during the spring or summer months as compared to 45 % of the cases. As expected, a greater proportion of the cases had a family history of NHL than controls (14 versus 7 %). The most common NHL subtypes were CLL/SLL (n = 343; 34 %), FL (n = 245; 24 %), and DLBCL (n = 178; 18 %).
Sun exposure main effects analysis
The OR estimates for the association between sun exposure at various age periods and NHL risk, both overall and for Of note, all of the SNPs that were significantly associated with NHL risk (at the conventional p \ 0.05) were intronic. Furthermore, only rs3819545 in VDR met the Bonferroni-adjusted threshold for statistical significance in this analysis (p \ 0.002). The relative position and linkage disequilibrium (based on HapMap CEPH population genotypes) of each of the genotyped VDR SNPs, together with the other VDR SNPs evaluated in relation to NHL risk in the literature, are illustrated in Fig. 1 .
Similar associations (as assessed by the direction and magnitude of ordinal odds ratios obtained from polytomous logistic regression) were observed for the VDR SNP rs886441 with the subtypes of CLL/SLL, follicular lymphoma, and DLBCL. In contrast, there was some evidence that the associations between the remaining individual SNPs of interest differed among the three NHL subtypes (Table 4 ). With the exception of rs4516035 in VDR, which appears most strongly associated with DLBCL, it appeared that the SNPs in VDR and CYP24A1 were stronger among the indolent subtypes: VDR rs731236 was associated with Analysis of the interaction between sun exposure at ages 13-21 years and genotype in the 6 VDR and CYP24A1 SNPs (based on a main effect p \ 0.15) with NHL risk revealed that the observed inverse association of sun exposure in early life appeared to be limited to participants who were homozygous wildtype at VDR SNP rs4516035 (Table 5 ). When formally tested in a logistic regression with main effects, we observed a statistically significant interaction between sun exposure at ages 13-21 years and germline variation in the VDR at rs4516035 (p interaction = 0.006). Analysis by subtype revealed that this interaction may be strongest among the FL subtype, although the magnitude of the OR estimates indicated lower NHL risk for homozygous wildtype at rs4516035 across all NHL subtypes evaluated. 
Discussion
In this clinic-based case-control study, we observed nominally significant (p \ 0.05) main effect associations of early life sun exposure and germline variation in VDR (3 SNPs) and CYP24A1 (1 SNP) with NHL risk. Most notably, we identified a previously unreported SNP 5 0 upstream of the VDR promoter that appears to modify the association between early life sun exposure and NHL risk, lending support to the hypothesis that the vitamin D pathway over the lifespan may in part underlie the association of sun exposure with NHL risk.
Our sun exposure observations are broadly consistent with the current literature regarding the association between self-reported personal sun exposure and NHL risk [13] , although two recently published cohort studies did not observe an association between sun exposure and NHL risk [10, 11] , and a third reported increased NHL risk among women living in areas with high ambient UV radiation [12] . It has been hypothesized that differential BMI and physical activity levels among those who have high and low sun exposure could confound this association, although we found no evidence for this. Our assessment of early life physical activity was limited, so there is potential for residual confounding; however, there is relatively little evidence to support a strong association between physical activity and NHL [33] . Our findings also suggest, as others have previously [6, 7, 13] , that early life sun exposure may be most relevant. The relative strength of previously observed associations of both early life sun exposure and, in particular, recreational sun exposure have led to proposed relevance of a chronic intermittent pattern of sun A recent comprehensive review of the literature by an IOM panel concluded that there was limited support for an association between vitamin D status and cancer risk [34] . With the exception of the findings by Polesel et al. [35] and Lim et al. [36] , the published estimates of the association of dietary vitamin D intake or serum 25(OH)D with NHL risk specifically were largely weak or null [3, 4, 19, [37] [38] [39] [40] . Limitations in retrospective vitamin D insufficiency exposure assessment in epidemiologic research have been discussed in the literature [41] and could obscure a true association between vitamin D and NHL risk. While circulating 25(OH)D is the preferred biomarker for determining vitamin D sufficiency [42] , the relevant etiologic period of exposure for vitamin D is unclear, and our ability to accurately and feasibly estimate remote vitamin D status retrospectively or prospectively is limited. Furthermore, variability in vitamin D assays, the effect of season on circulating levels, unknown stability of an individual's vitamin D levels over time, the relative scarcity of dietary vitamin D sources, and potential reverse causality in a case-control setting limit our ability to drawn firm conclusions at this time from the literature. We therefore chose to evaluate germline variation in both the vitamin D receptor gene and along the vitamin D metabolism pathway as a proxy measure of ongoing vitamin D 'exposure' for this evaluation of vitamin D's potential role with regard to NHL risk.
Three prior studies have evaluated various VDR SNPs in relation to NHL risk [18] [19] [20] . Purdue et al. [18] examined the relationship between three widely studied restriction [20] . Consistent with these prior studies, we did not observe a significant association of either the TaqI or FokI SNPs with overall NHL. However, we did observe a significant association of three intronic VDR SNPs (rs886441, rs3819545, and rs2239186) with overall NHL risk, none of which have been previously evaluated. Two of these SNPs (rs3819545 and rs2239186) appeared to be in an LD block ( Fig. 1) , and when all three SNPs were modeled simultaneously in a logistic regression, only rs3819545 remained statistically significant. These three SNPs do not appear to be correlated with the SNPs evaluated in the prior NSW, SCALE, and NCI-SEER studies and thus may represent a new region in the VDR that is associated with NHL risk. Most notably, our observations provide some evidence that vitamin D mediates the observed association between sun exposure and NHL risk. We report a significant interaction between rs4516035 and early life sun exposure, such that the decreased risk with increased sun exposure at ages 13-21 appears largely limited to those participants that were homozygous wildtype at this position in VDR. This SNP is upstream of the 5 0 VDR promoter, and the functional relevance of variation at this position is unclear. The rs4516035 A allele has been associated with both increased susceptibility of melanoma [43] and more aggressive tumor location in the head, neck and trunk among melanoma patients [44] . However, our bioinformatics search did not find overlap of rs4516035, or any VDR SNP in LD with rs4516035 (r 2 [ 0.6), with known functional domains. This particular SNP has not been evaluated in the three prior studies evaluating the association between VDR variants and NHL risk. Statistically significant interaction between VDR SNP TaqI (rs731236) and sun exposure in relation to NHL risk was reported in both the SCALE [20] and NCI-SEER [19] studies, although the effect was limited to the T-cell lymphoma subset in the SCALE study [20] . The rs4516035 SNP, which was found to modify the sun relationship between early life sun exposure and NHL risk in the current study, does not appear to be in LD with the TaqI SNP at the 3 0 end of the gene, and thus, we believe this is the first report of effect modification at this additional distinct VDR locus. Taken in context with the current literature, this finding lends further support to the hypothesis that the vitamin D pathway may be biologically relevant to the association between sun and NHL risk. As stated previously, the effects of 1,25(OH)D are mediated through the VDR. Ligand-activated VDR directly binds DNA to modulate gene expression, and vitamin D receptor response elements have been identified in hundreds of downstream gene targets. Perhaps the most prominent non-calcemic vitamin D action is the control of cell proliferation (through upregulation of cell cycle progression inhibitors including p21 and p27) and a shift toward apoptosis (through upregulation of pro-apoptotic proteins such as bax and downregulation of anti-apoptotic proteins such as bcl-2) via both a direct effect of ligand-activated VDR on target genes and an indirect interaction with downstream transcription and cell signaling [21, 22, 45, 46] . Further research is necessary and warranted to validate this finding and to further understand the functional relevance of these VDR variants and the biology of this association. We do acknowledge that, particularly in the context of multiple testing, this observed interaction could be due to chance alone. Furthermore, functions of the VDR independent of 1(25) 2 D ligand binding have been reported [47] and may explain the observed interaction with sun exposure. As such, potential vitamin D-independent mechanisms should also be considered when interpreting these results and in planning future studies.
To our knowledge, this analysis is the first to evaluate the potential relevance of germline variation in the CYP24A1, CYP27B1, and RXRA and RXRB genes with NHL risk. We found no evidence to support a role for either CYP27B1 or RXR genes in relation to NHL risk, but we did observe a decreased risk of NHL among participants with the variant G allele at the CYP24A1 SNP rs2762939 (per-allele OR = 0.85; 95 % CI, 0.75-0.98). The CYP24A1 gene encodes the protein that degrades activated 1,25(OH) 2 D in a negative feedback loop [22] ; vitamin D sensitivity and resulting systematic hypercalcemia with CYP24A1 loss of function mutations have been recently established [48] . While we did not observe any evidence that the early life sun exposure association is modified by variation in the CYP24A1 gene, this association may support a role for vitamin D in lymphomagenesis and merits further investigation.
Despite the considerable clinical heterogeneity of the NHL subtypes [49] , this and similar studies to date have been designed to evaluate the association with all NHL subtypes combined as the primary hypothesis. It is known that the NHLs are molecularly, clinically, and likely etiologically heterogeneous [49] , and evaluation of distinct etiologic processes within the NHL subtypes is a major ongoing challenge in epidemiologic research. We did find some evidence of potential heterogeneity of both the sun exposure and vitamin D-related gene-variant main effects by subtype, although statistical power was limited. It is possible that the role of sun exposure and vitamin D status could be variable among the NHL subtypes, and analyses of overall NHL effects could mask associations with individual subtypes. This study was not powered to analyze the main effects by NHL subtype, so the differential subtype patterns could be due to chance alone. However, further investigation of the biological mechanism underlying the potential variability of these relationships by subtype is warranted.
Strengths of our analysis include a carefully designed case-control study, central pathology review, and highquality genotyping. Although this study was not population-based, both case and control participation was restricted to those residing in the region surrounding Mayo Clinic (Minnesota, Iowa, and Wisconsin), thus minimizing the effects of referral and selection bias and increasing the internal validity of using frequency-matched general medicine controls from the same region [27] . However, this restriction also limited the variability of sun exposure and thus generalizability of these findings to those living in regions with higher or lower ambient sun exposure. Common HapMap SNPs were used to tag the VDR genes, and through other genotyping projects, we have ruled out the presence of significant population stratification [26] . Major limitations are the use of an exclusively Caucasian population, which limits generalizability, and the relatively small sample size, which limits our ability to estimate NHL subtype associations. Additionally, our estimates of the main effects of sun exposure rely on a self-reported average sun exposure during different age periods in the past, and it is possible that the season of recruitment along with the slight imbalance in consent season between cases and controls could bias recall of average sun exposure, although we found no evidence for any impact on our reported association when stratified on season of consent. Finally, we emphasize that these findings could be due to chance alone based on the number of hypotheses being tested. In fact, only the main effects association between the intronic VDR SNPs rs3819545 met the stated Bonferroni-adjusted significance threshold for this analysis (p \ 0.001). Moreover, the gene coverage, based on the SNPs that we have genotype data on for this analysis, is variable. Therefore, an association between CYP27B1 or RXR and NHL risk cannot yet be ruled out.
In conclusion, we observed both an inverse association between the early life sun exposure and NHL risk and main effects associations of genetic variation in VDR and CYP24A1 with NHL risk. Exploratory analysis by NHL subtype indicated potential heterogeneity of these associations by NHL subtype. The observed significant interaction of effect between early life sun exposure and germline variation in VDR suggests that the vitamin D pathway may mediate an association between early life sun exposure and NHL risk.
